plasmid segregation even under nonselective conditions. Also, derivatives of the described low-copy-number vectors were successfully used for moderate overexpression of E. coli homoserine kinase and aspartokinase in strains of E. coli (data not shown).
Ribonuclease protection assays (RPAs) offer several advantages over other methods for the detection and quantification of specific mRNAs such as Northern or dot blots. They are highly sensitive and specific because crosshybridizations and nonspecific binding of labeled probes are eliminated by the RNase digestion step (1) . An RPA allows simultaneous detection and quantification of several different transcripts in one sample by using a set of multiple antisense probes of different characteristic sizes. We are primarily interested in the regulation of collagen metabolism in the University of California at Davis line 200 (UCD-200) chickens, an animal model of human systemic sclerosis, and our test system was designed to simultaneously quantify procollagen transcripts of various types in chicken tissues.
Because we used combinations of up to five antisense probes specific for different transcripts in one lane, some of the probes yielded unexpected band patterns on the RPA blot. There appeared to be enzyme-digested regions within some of the antisense probes that did not hybridize completely to the target mRNA, causing loss of specific signals, bands of unexpected size and increased background. To overcome this problem, we performed the recommended modifications, such as reduction of hybridization and digestion temperature and the use of T1 RNase, which only cleaves next to GC residues ( Figure 1 ). Decreasing hybridization and RNase digestion temperature was not sufficient because a second, in part even more pronounced, band appeared below the 406-bp α 1 (VI) band, obviously resulting from incomplete alignment of the α 1 (VI) antisense probe. The signals specific for type I collagen transcripts were diffuse and overlayed
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by an elevated background. The use of T1 RNase alone, instead of an RNase A/T1 mixture, solved the problem of the unspecific α 1 (VI) band, but the signals of the α 1 (I) and α 2 (I) collagen transcripts, as well as of the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) band, were replaced by a completely unexpected band pattern that was supposed to be the result of partial RNase digestion. The antisense probe for α 1 (VI) procollagen contains at its 3 ′ end a sequence of 30 nucleotides with an AU content of 80%, whereas the AU content of the complete probe is 55%. The fact that the unspecific lower band of α 1 (VI) disappeared when RNase digestion was performed using RNase T1 suggested that this AU-rich region within the antisense probe did not hybridize completely and therefore was responsible for the loss of the specific signal.
To solve this problem, we added RNase Digestion Buffer (Ambion, Austin, TX, USA) (without RNase) to reduce the formamide concentration by expanding the volume of the reaction mixture prior to RNase treatment, allowing complete alignment of partially hybridized antisense probes. Introducing a preincubation step at 15°C with a reduced formamide concentration clearly improved the results, and every band was of the expected size and easily distinguishable. To prove that RNase digestion at 15°C was sufficient, we used type II collagen as an internal negative control. Type II collagen, which is only expressed in cartilage, was not detected in esophagus RNA.
The following is a complete protocol for the simultaneous analysis of multiple mRNAs that contain AU-rich regions by a nonradioactive RPA (2) based on the use of RPA II ™Ribonucle -ase Protection Assay Kit (Ambion) for radioactive detection of nucleic acids.
Total RNA was prepared from tissue samples by Trisolv ™ RNA Isolation Reagent (Biotecx, Houston, TX, USA) according to the manufacturer's instructions; contaminating DNA was digested with 20 U DNase (Boehringer Mannheim GmbH, Mannheim, Germany) at 37°C for 1 h, and total RNA was then isolated by a second purification step with Trisolv. Total RNA (5 µ g) from chicken esophagus and a mixture of digoxigenin (DIG)-labeled antisense probes for procollagen transcripts α 1 (I), α 2 (I), α 1 (II) and α 1 (VI) and for GAPDH (500 pg) were co-precipitated at -20°C for 30 min by adjusting the NH 4 OAc concentration to 0.5 M and adding 2.5 vol of ethanol. After centrifugation at 25 000 × gfor 15 min, the pellet was resuspended in 10 µ L of hybridization buffer containing 80% formamide, 100 mM sodium citrate, pH 6.4, 300 mM sodium acetate, pH 6.4 and 1 mM EDTA. After denaturation at 95°C for 4 min, the sample was incubated for 22 h at 52°C.
Following hybridization, we added 60 µ L of RNase Digestion Buffer and incubated the mixture at 15°C for 30 min. This was the essential modification of the standard protocol. By expanding the volume sevenfold, the formamide concentration was reduced to 11%, and partially hybridized antisense probes could align completely, whereas new cross-hybridizations did not occur because of the increased volume of the solution.
By addition of 40 µ L of RNase Digestion Buffer containing 12.5 U/mL RNase A and 500 U/mL RNase T1 and incubation for 30 min at 15°C, unprotected single-stranded RNA was digested. The reaction was stopped with 150 µ L RNase inactivation/precipitation mixture (Ambion); the remaining RNA-RNA hybrids were precipitated at -20°C for 30 min and then centrifuged at 25 000 × gfor 15 min at 4°C. The pellet was resuspended in 4.5 µ L loading buffer containing 80% formamide, 0.1% xylene cyanol, 0.1% bromphenol 368BioTechniques
Vol. 24, No. 3 (1998) blue and 2 mM EDTA. By heating to 95°C for 4 min, the RNA-RNA hybrids were separated, and renaturation was prohibited by chilling on ice for 3 min. Labeled RNA was separated on a denaturating 6% TBE/urea/polyacrylamide gel (7 M urea, 10-× 10-cm precast gel; Novex, San Diego, CA, USA) in 1 ×TBE buffer at 185 V (constant voltage) for 90 min in an X-Cell-II ™ Chamber (Novex). After electrophoresis, the gel was equilibrated in 0. The membranes were incubated with 10 mL anti-DIG alkaline phosphatase antibody (Boehringer Mannheim GmbH) diluted 1:10 000 in Buffer 1 for 30 min, washed twice for 15 min in washing buffer and soaked for 3 min in 5 mL detection buffer containing 0.1 M TrisHCl, 0.1 M NaCl, pH 9.5. Finally, the nylon membranes were rinsed for 5 min in CDP -Star ™ Chemiluminescence Substrate (Tropix, Bedford, MA, USA) and then incubated in the dark for one hour at room temperature, because a delay precedes constant light emission. Xray films were exposed between 5 and 20 min, and the signal abundance was measured in an Elscript ™440 Densitometer (Hirschmann Laborgerate, Eberstadt, Germany). Because the abundance of the signal does not linearly correlate to the amount of membrane-bound RNA, we optimized the analysis by using an exponential fitting curve. DIG-labeled control RNA (Boehringer Mannheim GmbH) was diluted stepwise from 1000 to 0.1 pg (in triplicate) and transferred to the membrane using a MilliBlot ™-S Slot Blot Module (Millipore, Bedford, MA, USA) so that the resulting bands were of the same size as those on the RPA blots (Figure 2A ). These dilutions were used to calculate an exponential fitting curve ( Figure  2B ). In our case, the slot-blot and detection method dependent equation for standardization of film saturation x = e [(y + 29654.6)/80799.2] -1.443 was found to fit best with a correlation of 99.6%. This method made it possible to accurately calculate ratios between strong signals (up to 400 000 counts) and weak bands in a given lane.
In conclusion, it must be emphasized that the modification of the nonradioactive RPA described affords significantly better results when simultaneously using multiple antisense probes that contain AU-rich regions.
